Binding of carbon monoxide and oxygen to sterically protected heme model compounds (basket-handle porphyrins) was investigated in liquid toluene at temperatures from 180 to 300 K by laser flash photolysis. Only a single exponential rebinding process from the solvent could be seen in the time range of20 nsec to milliseconds. The fraction ofligands that initially escaped into the solvent decreased when the temperature was lowered, and the Arrhenius plots for the rebinding rate coefficients were found to deviate significantly from linearity. These findings suggest that protected heme model compounds might react according to a double energybarrier scheme. In contrast, the reaction of an unprotected porphyrin can be described by a single energy barrier.
During the last 10 years, an original approach to the understanding of hemoprotein reactivity has been provided by synthetic heme models incorporating some carefully selected structural elements. Using kinetic rate parameters determined at ordinary temperature (1-4), we have shown (4) that heme models can be arranged in a small number of reacting series obeying linear free energy relationships (LFERs) that exhibit some similarities (but also differences) with those of hemoproteins.
However, it is known that binding of oxygen and carbon monoxide to heme proteins can be described as the motion of the ligand over a number of successive energy barriers (5) (6) (7) (8) . The most external ones are connected with ligand migration from the solvent and inside the protein matrix (7, 9, 10) . At physiological temperatures, the overall reaction seems to be ultimately controlled by the innermost barrier (8, 11) . As the main use of model compounds is to verify or eliminate the possibility of suggested mechanisms, a detailed knowledge of the reaction paths of heme models is required. The simplest conceivable hemoprotein model is the isolated protoheme, and Alberding et al. (12) have shown that binding of carbon monoxide is governed by two successive barriers. The innermost barrier is produced by the heme, but, in a highly viscous glycerol/water medium, the outermost barrier is due to the solvent cage effect. More elaborate heme models like compounds [1] [2] [3] [4] (Fig. 1 ) present several important features not found in the bare protoheme. These compounds ensure an intramolecular pentacoordination ofthe iron(II) atom. The ether and amido basket-handle porphyrins 2-4 are further characterized by a protecting distal "handle" designed to prevent ,u-oxo-dimer formation. They differ in the mode of attachment of the protecting chains and of the proximal base and provide a well-defined chemical environment around the binding site of the ligands (13, 14) .
In the present work we have used laser flash photolysis to investigate the temperature dependence of ligand binding and of the apparent photodissociation yield of liganded models 1-4 in the range 180-300 K. The results indicate that the reaction of carbon monoxide and of oxygen with the protected models 2-4 must be a composite process. This contrasts with a normal Arrhenius law and a constant photodissociation yield observed with the unprotected compound 1.
MATERIALS AND METHODS
The synthesis of porphyrins 1-4 (13, 14) , the laser flash apparatus, and the procedures used for studying ligand photodissociation and recombination have been described (4, 15, 16) . Fe(II)-heme-CO complexes were photodissociated (wavelength, 532 nm; pulse duration, 20 nsec), and the rebinding kinetics were recorded on a Tektronix 7834 storage oscilloscope. The time constant ofthe detection system could be adjusted from 10 nsec to 10 usec. Due to the stringent requirement that the solvent should not coordinate to the iron even at low temperatures, the choice was restricted to aromatic hydrocarbons and some halogenated aliphatic compounds. The latter were not retained in view of possible photochemical reactions. The model compounds are reasonably soluble in toluene and the solutions remained clear and fluid down to at least 183 K; i.e., well above the temperature at which the solvent would freeze into a mass of opaque microcrystals (178 K). An Oxford Instrument DN704 cryostat allowed the temperature to be kept constant within about 0.5 K.
In order to avoid complications due to autoxidation, oxygen binding rates were determined by monitoring the build-up of the oxygenated complex following the photodissociation of the Fe(II)-heme-CO complex in the presence of oxygen, according to previously described techniques (4, 16).
The reduced porphyrin solutions (50 AM) were rendered anhydrous by prolonged bubbling with pure CO. The final equilibration of the solutions with the desired gas mixture was always performed at 20'C, since gas solubilities are known at this temperature (02, 5.3 mM/atmosphere; CO, 7.3 mM/atmosphere; 1 atmosphere = 101.3 kPa). The solutions were then transferred anaerobically into a gas-tight optical cell, which was completely filled with liquid. In this way, the gas concentration remained constant when the temperature was lowered. A small correction was applied to account for solvent contraction upon cooling.
RESULTS AND DISCUSSION
For an easier comparison with the results reported earlier for protoheme, we shall employ a terminology close to that of ref. 12 . Photolysis of CO complexes of compounds [1] [2] [3] [4] in the absence or presence of oxygen led to rebinding kinetics that were exponential and pseudo-first order with respect to the concentration of ligands over the whole temperature range (Fig. 2) . Rebinding therefore concerned ligands that had *To whom reprint requests should be addressed.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 1-4. completely escaped into the solvent. Upon lowering of the temperature, the initial amplitude of this process (Not) decreased for the protected models 2-4 but not for the unprotected heme 1. The complete temperature dependence of No0t is displayed in Fig. 3 . The apparent second-order rate constants XAo and Xb2 did not follow an Arrhenius law with any of the three protected models. The deviation from linearity was moderate but well above the experimental uncertainties. Moreover, such deviations were not found with the unprotected model 1 (Fig. 3) . A weak temperature dependence of preexponentials and/or enthalpy would of course cause the plots to deviate from linearity but could not explain the decrease of Nout. A curved Arrhenius plot has been previously observed with protoheme and CO, but in addition, a second, nonexponential kinetic process appeared below 80 K due to geminate recombinations (12) . A second process was not detected in the present work, but geminate recombinations in liquid toluene would be much too fast (even at 180 K) for observation with our time resolution of 20 nsec. On the other hand, solvent crystallization precluded experiments at lower temperatures. In spite of these experimental limitations, it can be inferred from the curved Arrhenius plots that ligand rebinding to the protected hemes must be a combination of several processes. It turns out that the simple double-barrier scheme depicted in Fig. 4 is sufficient to describe the available data.
Since this scheme has been invoked repeatedly in various contexts (12, (17) (18) (19) (20) A' k1 k11 [1] where ki = kBAkSB/kBs and k1l = ks' are limiting binding rates observed only at high or low temperature when barrier I or II dominates respectively (these extreme situations will be hereafter referred to as regime I and II). Each limiting rate follows an Arrhenius law, ki = Ai exp(-Ei/RT), corresponding to the linear asymptotic regions of the curved plots. In fact, k1 is a complex rate that can be pictured as resulting from a fictitious barrier determined by the difference offree energy between transition state I and reactants (Fig. 4) 4 (e) at the two extreme working temperatures are displayed. The fraction N(t) of heme molecules that remained unliganded at time t after photodissociation is given in a log-log plot. The rebinding kinetics were exponential and the rate coefficient was proportional to the CO concentration (the data shown here were obtained with [CO] = 7.2 X 10-4 M). Upon correction for fluctuations of the laser output and for differences in the absorption spectra of liganded and unliganded species, the apparent photodissociation efficiencies were found to be equal within errors at 293 K. The curves were therefore normalized at this temperature by assuming N(0) = N,,1t = 1 for carbon monoxide. Nout remained constant for heme model 1 but decreased with temperature for compounds 2-4. Errors are indicated only when they are larger than the size of the symbols. When photodissociation of CO complexes was performed in the presence of 02, the build-up of the oxygenated complex could be followed. The kinetics for oxygen rebinding exhibited characteristics similar to those for CO.
way to determine the energy of well B. However, assuming that Eq. 1 applies at any temperature, the plots of Fig. 3 could be fitted by computer to the sum of the reciprocal of two Arrhenius processes. In Fig. 3 the fits are shown as straight (broken) lines, and the corresponding activation energies and preexponentials are given in Table 1 .
The least-square fits suffer from some instabilities because it was not experimentally possible to completely reach regime I for 02 and regime II for CO. Thus, although individual rate measurements are accurate within about 5%, the numbers shown in Table 1 asymptotic straight lines calculated independently using Eq. 1. Although a similar test was impossible for oxygen, since the rebinding curves were obtained following the photolysis of the CO complex, we believe that all available evidence is consistent with a double-barrier reaction scheme applied to basket-handle porphyrins in fluid toluene.
Transition State I. The validity of the assumed reaction scheme requires that the transition state I corresponds to the bond-formation step. In the protoheme/glycerol/water system, the inner barrier has been shown to possess a distribution of activation entropy and enthalpy below 80 K. Above about 230 K conformational relaxation rendered all processes exponential (12) . Compared to protoheme, our models presumably offer an even larger number of possible conformational substates. However, since the overall rebinding was always exponential, we can assume complete relaxation above 180 K and interpret kBA as an average value. This justifies the use of Eq. 1 over the whole temperature range.
As pointed out above, AG, is not the free energy of activation for process B-*A but represents the relative free energy of the transition state I. It has been suggested (3) that unprotected pentacoordinated hemes like compound 1 might be subject to a stronger solvation than porphyrins with a distal protection and that the resulting stabilization might be reduced (or suppressed) in the transition state. The data of Table 2 are in agreement with this assumption. A solvation energy of 4-5 kJ/mol might explain the nearly constant difference between 1 and the other compounds in the transition state of both ligands. When this amount is subtracted from transition state I of 1, the free energy at the top ofbarrier I becomes remarkably similar among the four compounds and is found to be systematically higher with CO than with 02 by 6-7 kJ/mol. Table 1 suggests that this barrier is mainly entropic, with a ratio of preexponential factors AI(o2)/AI(co) of approximately 10 . This is consistent with the higher orientational degeneracy of the oxygenated complex compared to the CO adduct (3, 4, 22, 23) , which might be already expressed, in part, in the transition state. Although the numerical accuracy is low, the order of magnitude is correct and suggests that orientation factors, and the corresponding losses of degrees offreedom of the smaller ligand (24) , are the principal factors governing binding from within a solvent-free distal pocket. Small enthalpies and preexponentials of the Table 2 . Standard free energy of activation (kJ/mol) at 298 K for processes I and II defined in Fig. 4 the reaction becoming diffusion-controlled at lower temperatures and/or higher solvent viscosities (7, (9) (10) (11) (12) 18) . At about 300 K compound 1 reacts 15 times faster with 02 than with CO and 5 times faster than protected hemes with CO.
Since the activation energies El are small (Table 1 ), the faster reaction should be affected first by diffusion control upon lowering of the temperature. This, however, contradicts the observation that neither the reaction of 1 with CO nor its reaction with 02 deviate from an Arrhenius law (Fig. 3) 
AGII(O2)).
This intrinsic difference is reflected by the associated Nout values. In Fig.  3 , the asymptotes must cross at the temperature at which Nout = 0.5. The switching from regime I to regime II is found to take place at -750C with CO and at -12TC with°2
In conclusion, the presence of the distal protection confers new properties to model porphyrins, which reproduce, although in a very elementary way, some of the dynamical characteristics found in hemoproteins. As long as the chain does not directly interfere with bond formation, its effect seems to be equivalent to interposing a "matrix" on the diffusion path of the ligand.
